ated with the impacts during gait (Whittle, 1999) . There is evidence that human heel pad mechanical properties change with age (Kinoshita et al., 1996) , and certain clinical conditions (e.g., diabetes -Hsu et al., 2002; acromegaly-Gooding et al., 1985) .
Heel pad properties have been measured using a variety of methods. For example, in vivo mechanical properties have been estimated by impacting the heel pad using an instrumented pendulum (e.g., Cavanagh et al., 1984) . In vitro mechanical testing systems have been used that permit precise control of either applied load or deformation (e.g., Ker, 1996) . In vivo and in vitro studies of heel pads have typically reported different heel pad mechanical properties. For example, under one body weight of loading, low stiffness have been reported in vivo (e.g., Kinoshita et al., 1996) , while in vitro a higher stiffnesses have been reported (e.g., Ker, 1996) . Aerts et al. (1995) experimentally demonstrated that some of these differences were due to the comparison of data for isolated heel pads with those when the heel pad was still attached to the leg. Pain and Challis (2001) , using a computer simulation, showed that when impacting the heel pad to measure the stiffness of the heel pad in vivo the soft tissue motion of the lower leg affects the calculated stiffness values. Alternate methods of measuring heel pad properties in vivo do not require impact loading, for example the hand-held indenting device, presented by Rome and Webb (2000) .
The examination of impact during locomotion has received much attention, largely because of the injury potential accompanying the high loading rates associated with the initial phases of ground contact (Whittle, 1999) . For example, the animal studies of Radin and colleagues (e.g., Radin et al., 1973; Anderson et al., 1990) have shown that repeated high impulsive loadings can produce degenerative changes in cartilage. The loads on the system can be reduced via a number of mechanisms, including body configuration at the instant of impact (DeGoede et al., 2002) and appropriate levels of muscle activation (Gerritsen et al., 1995) . During typical walking gait, there are approximately 58 heel strikes per heel per minute, with forces ranging from 85% to 110% of body weight (Perry, 1983) . During running, the majority of runners strike the ground with their heel first (Figure 1 ). With this device the experimenter applies a load to the heel pad while both the applied force and the deformation of the heel pad are recorded. The load is applied via a steel flat-tipped cylindrical rod of 6 mm in diameter. The applied load is determined using an electronic force gauge unit composed of a four-strain gauge load cell (Model 208C03, PCB Piezotronics, Depew, NY). The rod passes through a 3-mm-thick transparent Plexiglas sheet; as the heel pad deforms, the Plexiglas translates. Plate displacement, and therefore heel pad deformation, is measured using a linear variable differential transformer (LVDT: model MD5/500AG, RDP Electronics, Pottstown, PA) attached to the back of the Plexiglas. For each trial, displacement and force data were collected for a period of 15 s at a sampling rate of 500 Hz.
The same subject positioning was used for the indenter tests as for the ultrasound measurements. The indenting device was positioned in the middle of the plantar surface of the right foot's heel pad for each subject. Five indentation trials were performed on each subject, with trials once every minute to allow ample time for fluids to return to the tissue between compressions. Contact between the plantar skin and the LVDT actuator was maintained through the entire indentation period. To ensure similar loading rates for all trials, for all subjects, and both groups, they were performed by one operator whose loading rate was paced by a metronome. The maximum applied force was typically 50 N, with a loading rate of 1 mm·s −1 . Twenty repeat measures were made on the heel pad of one subject; the intraclass correlations were in excess of 0.85 for all the determined mechanical properties.
Computation of Heel Pad Mechanical Properties
The displacement and force data from the indenting device were low-pass filtered with a second-order Butterworth digital filter (cutoff = 4 Hz); see Figure 2 for typical output. Trapezoidal numerical integration was used to compute the ratio of the area within the hysteresis loop to the area under the loading curve; this indicated the energy loss between loading and unloading.
A model was fitted to the force-deformation data (Fung, 1967) :
where F is the force causing deformation; k 1 , k 2 are model coefficients; and x is the amount of heel pad deformation.
The model coefficients were computed using the Levenberg-Marquardt nonlinear least squares algorithm (More, 1977) . Model fits were good for all subjects' data with r 2 values in excess of 0.98. Due to the nonlinear nature of the force-deformation curve and the hysteresis it demonstrates, stiffness values will vary depending on the point on the curve where it is computed. To be able to compare across subjects, the model fit was used to estimate heel pad stiffness at the same relative loading for each subject (5% of body weight). (Cavanagh & Lafortune, 1980) , with over 40 heel strikes per heel per minute (Hunter & Smith, 2007) . The vertical ground reaction impact force can exceed 2 body weights (Dickinson et al., 1985; Challis, 2001) . Silver et al. (1994) , in a group of patients who had changed their loading on the heel pad of one leg due to fractures of the calcaneum, found reduced loading changed heel pad properties. This raises the question whether repetitive increased loading, as occurs as a consequence of running training, may change the properties of the heel pad.
Given that changes in activity patterns have been reported to produce changes in heel pad thickness (Silver et al., 1994) and that with aging heel pad properties change (Kinoshita et al., 1996) , it is of interest to evaluate heel pad properties in populations that place different demands on their heel pad properties. The purpose of this study was to compare the mechanical properties of the heel pad between runners, who repetitively load the heel pad during training, and cyclists, who do not load their heel pads during training.
Methods Subjects
Ten competitive long-distance runners (height: 1.66 m ± 0.06, mass 56.3 kg ± 5.7) and 10 competitive cyclists (height: 1.77 m ± 0.08, mass 71.1 kg ± 12.1) volunteered for this study. There was an equal distribution of males and females in the two groups. All subjects had no previous or current plantar foot injury. All the athletes were varsity level, reporting at least three years training exclusively for running or cycling. The cyclists had no running history (determined to be more than 2 days a week of running). The subjects provided informed consent, with all procedures approved by the Institutional Review Board.
Ultrasound
Thickness of the unloaded heel pad was measured using real-time B-mode ultrasonography (Aloka SSD-625, Connecticut, USA) with a 7.5-MHz linear array scan head. Measurements were taken after the subject had not placed weight on their heel pad for 10 min. The ultrasound images were digitized using Scion Image (version Beta 4.0.2, National Institutes of Health, Bethesda, MD, USA) to compute heel pad thickness. For these measurements, subject position and placement of the instrument was standardized with the subject seated in a chair with their right shank elevated and resting on a padded stool. For each subject, the foot was positioned at approximately 90 degrees to the shank, and the probe head placed in the middle of the plantar surface of the right foot's heel pad.
Mechanical Testing
A heel pad indentation device, adapted from the one described in Rome and Webb (2000) , was used to measure the mechanical properties of the heel pads significance level was set at 0.05. Before the statistical comparisons of the groups, homogeneity of variance was confirmed using Levene's test and the normality of the data were confirmed using the Anderson-Darling test.
Results
Heel pad thickness was statistically significantly greater for the cyclists compared with the runners (p = .026; Table 1 ). However, when the heel pad thickness was expressed relative to subject height, then there was no significant difference. The runners were statistically significantly shorter than the cyclists (p = .003). During testing, there was a statistically significant difference between the groups in the amount of heel pad deformation (p = .010; Table 1 ), but when deformation was expressed relative to heel pad thickness, there was no significant difference between the groups. There was no significant difference between the groups in percentage energy loss during loading and unloading. Heel pad stiffness for the runners was statistically significantly less than that of the cyclists (p = .018).
Discussion
During walking and running gait, the heel often contacts the ground first and acts to reduce the forces transmitted to the skeleton gait (Whittle, 1999) . Understanding the properties of the heel pad is therefore important, as is understanding how the heel pad adapts to the loads applied to it. In this study, two populations with different habitual loading patterns to the heel pad showed no differences in heel pad thickness or energy loss due to
Statistics
Unloaded heel pad thickness, energy lost due to hysteresis, and stiffness were compared between the two groups, runners and cyclists. Comparisons were made between the two populations for (1) actual heel pad thickness and (2) thickness normalized with respect to standing height (Jackson, 1968) . To evaluate whether differences existed between the two groups of heel pad properties, a repeat measures ANOVA was used, and the The measurement of heel pad properties is difficult because different experimental protocols can give different values. Aerts et al. (1995) highlighted that pendulum testing and mechanical testing unit assessment of heel pad properties produced different results, and Pain and Challis (2001) identified soft tissue motion in impact tests of heel pad properties as the source of this discrepancy. In a modeling study, Spears and Miller-Young (2006) highlighted that different experimental protocols produce different estimates of heel pad properties even when the same heel pad is tested. This makes comparison across studies problematic.
The indentation device used for measuring the mechanical properties only applied low loads to the heel pads, but has the advantage that measurements can be made in vivo, and that compared with many other methods for making these measurements in vivo soft tissue motion does not contaminate the results (Pain & Challis, 2001 ). Although these loads are low, they represent stresses applied to the heel pad (≈440 KPa), which are greater than the peak stress experienced during walking (340 KPa: Eils et al., 2002) and but less than the peaks experienced during running (900 KPa: Hennig & Milani, 1995) . The heel pad deformations in this study compare favorably with those obtained during shod running gait using cineradiography (De Clercq et al., 1994) . One caveat that should be considered is that the loading in this study was applied at a slower rate than experienced during gait.
These results indicate that the nature of the activity undertaken by subjects influences their heel pad properties. This finding may be important, for example, when considering differences in heel pad properties between the young and elderly (Kinoshita et al., 1996) . The functional implications of the different stiffnesses between the two groups warrants further investigation. Future studies should examine the influence of activity levels in other populations to determine whether heel pad properties change as a consequence of activity.
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The support of ALOKA, USA, in the execution of some of this work is gratefully acknowledged. hysteresis, but did have different pad stiffnesses. This difference in heel pad stiffness has the potential to influence the forces experienced by the body during gait containing a heel strike (De Clercq et al., 1994) .
Changes in heel pad mechanical properties have been noted to occur, for example, with age (Kinoshita et al., 1996) and diabetes (Hsu et al., 2002) . In a study of 21 subjects with unilateral fractures of the calcaneum, differences were noted in heel pad thickness between the affected and unaffected sides (Silver et al., 1994) . It seems that heel pad mechanical properties do appear to change under certain conditions and that the nature of the activity in healthy young subjects may also influence these properties. The structural reasons for these changes in mechanical properties are not clear and are not simply related to heel pad thickness, which was not different between the two different populations of this study once normalized to standing height.
The running group during their training were applying high loads to their heel pad; in contrast, the cycling group for their training were riding bikes where the load associated with pedaling is applied to the forefoot, with the heel receiving no loading (Van Sickle & Hull, 2007) . The source of the difference between these groups could be a result of self-selection, but it seems more likely that it arises due to the differences in loading applied during training. The decreased stiffness of the heel pads of the runners will provide more heel pad deformation during walking and running, compared with the cyclists. This increased deformation can be thought of as a form of cushioning. Hsu et al. (2007) have identified two distinct regions of the heel pad structure, the superficial and relatively stiff microchamber layer and a deep and relatively compliant macrochamber layer; a future study should examine whether the differences between the groups identified in the current study could be associated with a particular region of the heel pad.
Small variations in limb movement before heel strike can reduce the load on the heel pad during walking (Gill & O'Connor, 2003) and running (Chi & Schmitt, 2005) . Given the results of Chi and Schmitt (2005) it would be interesting to track both the changes in heel pad properties and heel pad loading over the course of a running program. 62.2 ± 6.5 63.8 ± 10.5 Stiffness (N·mm −1 ) * 20.7 ± 4.5 17.5 ± 3.7
Note. Where there was a significant difference between the two groups, these have been marked with * (p < .05).
